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INTRODUCTION
The assessment and review of the hydrological design of a large dam spillway represents a major problem in water management. Incoming floods arriving at the basin of the dam are of random nature and, in the case of dams with large regulation capacity, in order to determine the design discharge flow rate of its spillway, it is necessary to take into account the incoming peak discharge, its volume, and even the shape of the floods.
It is important to consider that the estimation of floods that are likely to be produced by the catchment basin only serves as a tool that is used, after simulating their routing through the reservoir, to obtain the design flow rate for the spillway. In other words, the final goal is to estimate return periods for the discharge flow rates and the maximum levels reached in the reservoir corresponding to a given spillway and its management policy. The discharge flow rates determine the amount of damage downstream and the maximum levels measure the risk at the dam. In this sense, if it is assumed that the maximum discharge flow rate of a spillway is a function of the incoming peak discharge and flood volume, the following theoretical procedure can be outlined to estimate the probability of a given discharge flow rate, Q d , to be reached or exceeded: (a) To be able to define a region A corresponding to those combinations for which the same value of Q d is reached or exceeded ( Fig. 1) , it would be necessary to simulate the routing of a large number of floods with different combinations of peak flow rate Q p and volume V. (b) Based on the historical sample, a determination is made of the joint (or bivariate) probability density function of maximum annual peak floods and volumes. (c) The (annual) excess probability is obtained by integrating the bivariate function for region A.
The procedure described herein has some intrinsic shortcomings for its application in practice, among which mention can be made of: the problems of defining the starting and ending dates of each historic flood to enable its volume to be calculated, of determining the shape of the design flood, of establishing the region A of Fig. 1 , and of integrating the bivariate distributions in regions bounded by a curve. Because of these disadvantages, various methods have been developed to estimate design floods that take into account their maximum flow rate, their volume and their shape.
Some procedures consider the peak flow rate and the volume of the flood on a joint basis, applying bivariate distribution functions (Hiemstra and Francis 1979 , Yue et al. 1999 , Domínguez 2000 , Ramírez-Aldama 2000 , Jiménez 2000 , Aldama and Ramírez 2002 , Escalante-Sandoval 2007 , and the use of copulas for the multivariate flood analysis has been recently applied (Favre et al. 2004 , Grimaldi and Serinaldi 2006 , Shiau et al. 2006 , Genest et al. 2007 ), but they have some differences in the definition of the most suitable region for the integration of the bivariate distributions, the inherent subjectivity in the estimation of the duration of the floods and, therefore, the volume of the maximum historical floods, the shape of the design flood, etc.
The Instituto de Ingeniería (IINGEN) at the Universidad Nacional Autónoma de México has developed a method to estimate design floods considering maximum annual mean flows for different durations (Vázquez 1995 . It has been objected that the method assumes that the maximum mean flows associated with different durations occur simultaneously and, therefore, the method will lead to an over-dimensioning of the spillway works; however, the method is based on the hypothesis that the critical conditions for the spillway (maximum discharge flow rate and elevation of the maximum water level) are associated with a duration unknown in advance so that, when considering all durations, the method incorporates such critical duration.
To contrast the adequacy of the results provided by different methods, we present herein a comparison of the results obtained using four different methods with those obtained by simulating directly the routing of all maximum annual recorded floods through the reservoir. Taking into account that the ultimate goal is to estimate the probability of the capacity of the spillway works being exceeded, we have proposed to use as parameters for comparison the maximum water elevations and flow rates derived from the simulation of the flood routing through the reservoir. The case of the Malpaso Dam in Mexico is used as an example.
METHODOLOGY

Bivariate distribution functions
Because a comparison will be made of methods based on bivariate distribution functions some basic concepts are presented as follows.
Bivariate probabilistic characterization of design hydrographs
When there is interdependence between the flow rate and the volume of the floods, it is convenient to characterize the design hydrograph by means of a bivariate distribution defined as (Yue et al. 1999) :
where q and v represent random variables in a twodimensional random space. The marginal distributions of equation (1) can be written as:
and
Bivariate distribution function of extreme values
The general equation for bivariate distributions of extreme values (the logistic model, also named the Gumbel-Hougaard copula, Shiau et al. 2006 ), according to Gumbel (Raynal and Salas 1987 , Escalante-Sandoval 1998 , Ramírez and Aldama 2000 , Escalante-Sandoval and Reyes-Chávez 2002 , Escalante-Sandoval 2007 , is given by:
where F(x,y) is the probability of simultaneous occurrence of X < x and Y < y; F(x), F(y) are the marginal distributions and m is a parameter describing the degree of interdependence among random variables x, y that can be calculated in terms of:
The marginal distributions F(x) and F(y) may be Gumbel, general extreme value (GEV) distribution, or mixed Gumbel distribution (double Gumbel distribution function).
Bivariate double Gumbel distribution function
The bivariate double Gumbel distribution function (González 1970) can be expressed in terms of the logistic model given by equation (4), considering the following expressions (Ramírez and Aldama 2000) :
In equations (7) and (8), F(x) and F(y) correspond to the marginal functions of F(x,y); a 1 , a 2 , c 1 , c 2 , p x are the parameters of the marginal function F(x) assumed as a two-population Gumbel function; and a 3 , a 4 , c 3 , c 4 , p y are the parameters of the marginal function F(y) assumed as a two-population Gumbel function. The parameters of this distribution function can be determined using the method of maximum likelihood and an optimization algorithm. A genetic algorithm is used in this paper for the maximization process.
Genetic algorithms
The genetic algorithms attributed to Holland (1975) constitute tools of the evolutional computation making an analogy with Darwin's theory of the evolution of species (Goldberg 1989) ; they resort to the concept of survival of the fittest. They also take into account the laws of heredity in which an organism is the result of the combination of the chromosomes of both parents. The genetic algorithms have been successfully used as an optimization technique to estimate parameters of univariate and bivariate functions of common occurrence in hydrology and hydraulics (Domínguez et al. 2004 , Fuentes et al. 2005 , Jiménez 2004 , Preciado et al. 2008 ; they are robust and of global search nature.
In this paper we proposed to use, with pertinent modifications, the simple genetic algorithm included in the toolbox of MATLAB (The MathWorks 1992), in order to estimate the parameters involved in the methods of Ramírez and Aldama (2000) and of Escalante-Sandoval (Escalante-Sandoval 1998); it will be also used to solve the system of nonlinear equations posed by the latter procedure.
SELECTION OF METHODS TO BE TESTED
In order to evaluate the performance of different methods that use bivariate distribution functions to estimate design floods for the spillways of dams with a large flood control capacity three methods were selected which differ in the way they define the failure region, in the form they establish the shape of the hydrographs, the marginal distribution they use, etc. In addition, the performance of the method developed at the IINGEN is tested. This method considers a design flood that contains simultaneously the annual maximum mean flow rates for different durations obtained by adjusting univariate distribution functions to the historical annual maxima corresponding to each duration. Some other methods that use copulas for multivariate flood analysis propose different procedures to fit bivariate functions to a set of data, but their performance was not evaluated in this study, because they do not focus on the design of spillways and therefore do not provide a way to construct the hydrographs.
A description of the four methods to be tested follows.
METHODS TO ESTIMATE DESIGN FLOODS
Method of the Instituto de Ingeniería (IINGEN)
The method developed at the IINGEN makes it possible to estimate design floods by considering their peak flow, their volume and their shape (Vázquez 1995 , Carrizosa et al. 2009 ). It involves the following stages:
Characterization of historic floods
For the statistical characterization of the historic floods a determination is made of the maximum annual mean flow rates for different durations, ranging from one day to a large enough number of days N. For a given year, the maximum mean flow rate for one-day duration corresponds directly to the maximum mean daily flow rate. To obtain the maximum annual mean flows for other duration n the following equation is applied: 3, ..., N; i = 1, 2, ..., 365, n + 1 (9) whereQ M n is the maximum mean flow for n days duration, Q k is the mean daily flow on the kth day, and i is the counter of the day when duration n starts.
Extrapolation
The extrapolation to estimate values associated with different return periods is carried out separately for each duration by fitting a distribution function to each of the samples of maximum annual values obtained from equation (9).
Determination of daily flow rates for different return periods
For each return period considered, determination is made of the daily flows through the recursive equation:
where N is the total number of days considered;Q M n is the mean flow for n days' duration; and Q i and Q n are the individual flows for i = 1 to N.
Construction of the design flood hydrograph
The hydrograph of the design flood is constructed using the alternating block method (Cruz 2001) with the daily flows obtained from equation (10).
In the IINGEN method, it is not necessary to establish the total flood volume; it is only required that a large enough number of days N be defined to guarantee the inclusion of the complete shape of all historical floods. Ramírez and Aldama (2000) and Aldama and Ramírez (2002) , hereafter referred to as the Ramírez-Aldama method, consider:
Method of Ramírez-Aldama
where Q p and V are the maximum annual peak discharge and volume, respectively; u q ,α q , u v and α v are the location and scale parameters derived from the sample statistics; andQ p andṼ are dimensionless normalized values of peak discharge and volume, respectively. Therefore, the logistic model can be written as:
where m ∈ [1, ,∞) represents a dependence parameter.
To satisfy Fréchet's stability postulate Aldama 2000, Aldama and Ramírez 2002) , the univariate marginal distributions of extreme values F q (Q p ) andF v (Ṽ ) should correspond to one of the three types (type I Gumbel, type II Fréchet or type III Weibull). However, it has been found that whenF q (Q p ) andF v (Ṽ ) are represented as mixed Gumbel distribution functions (also known as double Gumbel) the postulate of stability is also satisfied. The mixed distributions are eventually used in the case of data representation pertaining to two populations (González 1970 , Rossi et al. 1984 .
The dependence parameter m presented in equation (13) can be calculated in terms of the correlation coefficient r xy , betweenQ p andṼ using equation (5).
Joint return period
For a random variable of maximum annual values, X , the return period, T (in years), of an event of magnitude, x, is defined as the inverse of the probability that in any given year the event x is exceeded:
The inverse of such return period, in terms of the probability of non-exceedence F(x) is:
In the case of bivariate functions, Ramírez-Aldama consider the event when the maximum annual flow rate Q p and the maximum annual volume V are simultaneously exceeded, such that the corresponding return period T, in years, is equal to:
In other words:
Estimation of design events
Given a return period, T Q p V , there are an infinite number of pairs (Q p , V) that satisfy equation (17); therefore, Ramírez-Aldama proposed to use the pair that reflects the worst effects in the dam, that is the maximum outflows and the maximum levels reached in the reservoir.
If z m = z m (Q p , V ) represents the maximum levels reached in the reservoir after routing the incoming hydrograph defined by a pair of values of Q p and V satisfying equation (17), the combination that produces the worst effects can be estimated solving an optimization problem:
where Z * m is the maximum elevation; and q * p and V * are the corresponding values of peak flow rate and inflow volume that satisfy equation (17).
To determine the peak flow rate and the volume of a flood associated to a joint return period it is necessary to first determine the bivariate distribution function, F q v (Q p , V ) . Its characterizing parameters can be estimated using the method of maximum likelihood (Kite 1977) , applying a genetic algorithm.
Upon determining the parameters of the bivariate function for a given return period, the optimization problem posed by equations (17) and (18) is solved assigning several values to Q p and finding, for each one of them, the value of V that satisfies equation (17). The flood corresponding to each pair (Q p , V ) is routed through the reservoir to arrive at the maximum elevation Z. Finally, the pair of values with which the largest value of Z was obtained is selected.
Construction of the design flood with Hermitian hydrographs
To simplify the description of a hydrograph, Q = Q(t), where Q represents the flow rate at time t, its parameterization is very convenient. The simplest form of parameterization of a hydrograph should contain the most relevant parameters, namely: the peak flow rate, Q p , the time to reach the peak, t p and the base time t b obtained with the runoff volume, V . Ramírez-Aldama propose a simple parameterization in terms of a set of odd-grade Hermitian polynomials. A hydrograph built on the basis of polynomials of grade 2n +1 that belong to this set, and its derivatives are of continuous nature at the beginning of the hydrograph, at its peak and at its ending part. Therefore, a third-order Hermitian triparametric hydrograph can be estimated as follows (Ramírez-Aldama) :
The base time and the peak time can be approximated with the following equations:
Equation (20) is obtained by assuming a triangular hydrograph, while equation (21) is an empirical approach frequently used in building synthetic hydrographs (Ramírez and Aldama 2000) . The major shortcoming of the method of Ramírez-Aldama is the subjectivity inherent to the estimate of the total flood volume, because in practice the historic floods are likely to show several successive peak flow rates. In addition the shape of the design hydrographs depends on equations (20) and (21) that could not adequately represent the shape of the historical hydrographs.
Method of Escalante
Escalante-Sandoval (1998) proposed a technique to estimate the design floods by obtaining hydrographs associated to a return period T by a joint modelling of four random variables, namely: the peak flow rate, Q p , the total volume of the flood, V , the cumulative volume prior to the peak, V p (or up to the peak), and the cumulative volume after the peak, V d . For each pair of random variables a bivariate probability distribution of extreme values is fitted.
Escalante-Sandoval (1998) considers that all analysed components occur concurrently with the same probability, i.e. F (Q p 
After assuming a given joint probability of nonexceedence or the corresponding return period, a set of four nonlinear equations is developed with four unknowns, Q p , V , V p and V d :
The marginal functions can be of Gumbel, GEV or double Gumbel.
In addition the total volume should be equal to the sum of the pre-peak and the post-peak volume, i.e.:
Since system (22)-(26) is indeterminate, Escalante proposes to find the values of Q p , V , V p and V d that minimize the sum of the squares of the differences using a numerical scheme based on successive approximations of the Newton Raphson type. In this paper, the solution was found with an optimization program via genetic algorithms. As opposed to the Ramirez-Aldama method, in this method the return period is estimated as the reciprocal of the non-exceedence probability of any of the two variables, i.e. T = 1/(1 -F(x,y)).
Construction of the design flood
To be able to construct the design flood, Escalante-SandovalEscalante and Reyes-Chávez (2002) propose the definition of the peak time t p as a function of the ratio (V p /V ) and of the base time t b as a function of the peak time (t p ). This process is carried out considering the components of the historic hydrographs. Upon definition of the characteristics Q p , V , V p and V d , t p and t b , for a given return period, the flood is developed taking into account the initial shape as triangular; such geometry is adjusted in terms of volume values V p and V d for the selected return period.
Because of the subjectivity in the construction of the design hydrograph in the Escalante method, in this study, Pearson-type hydrographs were used to generate the floods for the Escalante method. The method used to develop them is explained later on.
As also happens with the Ramírez-Aldama approach, the major shortcoming of this method is the subjectivity inherent to the estimate of the beginning and the end of the hydrograph and therefore the total volume of the historical floods.
Method of Hiemstra-Francis applied by
Pegram and Deacon Pegram and Deacon (1992) took as a basis the study by Hiemstra and Francis (1979) , referred to herein as the Hiemstra-Francis method, to estimate the peak flow rate and the volume corresponding to the design floods. Pegram and Deacon found that, for 10 selected and screened flow gauging stations situated throughout the hinterland of South Africa, the lognormal function applied to the series of maximum flows Q p and to maximum volume values V enables a reasonable fitting when analysing the joint bivariate lognormal distribution. The procedure involves the calculation of the natural logarithm of the maximum annual historic values of flow Q p and volume V ; their statistical parameters mean, standard deviation, variance, asymmetry coefficient and kurtosis coefficient are estimated so as to be able to observe their normality. In addition, the coefficient of correlation is obtained between the normalized values of Q p and of V . In order to estimate the volume of the historical floods, Pegram and Deacon (1992) proposed to calculate it from the point where the rising-limb and the recession-limb flow values were 10% of the peak values.
Pegram and Deacon proposed three shapes of floods depending on the conditional exceedence probability of the volume for a given peak flow rate, expressed by the following percentiles: 75% (peaked flood), 50% (medium flood) and 25% (bulky flood). To facilitate calculations, we prepared Table 1 to be able to estimate the standardized values of the peak flow and of the volume for different return periods and various correlation coefficients.
For a given return period, the percentile is selected trying to reproduce the form of the largest historical events. With the correlation coefficient, the standardized values of X and Y are obtained from Table 1 and used to calculate the volume of the flood and the peak flow rate in terms of the following equations:
In equations (27) and (28), V is the total volume of the design flood; Q p is its peak flow rate;X andȲ are the means of the natural logarithm of the historical values of volume and peak flows; S x and S y its standard deviations; X is the value of the standardized volume obtained from Table 1 ; and Y is the standardized peak also obtained from Table 1 . The method was applied by the authors to design floods with return periods of 50 years or longer. It considers historical records exceeding 10 years, catchment basins larger than 10 km 2 and continuous runoff records at the gauging station. The authors mention the possibility of using other type of marginal distributions (different from the log-normal) for the series of Q p and V , as part of the application of the method.
Construction of the design flood using
a Pearson-type hydrograph A flood with a single peak flow rate has a shape similar to that of a Pearsontype function (Jiménez 2000) :
The volume of the flood must be equal to the area under the curve:
Maximizing f (t), the peak time is obtained: Substituting this result in equation (29), the peak discharge is obtained:
Parameters α and β are obtained solving the system of nonlinear equations constituted by equations (30) and (32). This procedure was used to develop the flood shapes of the hydrographs derived from the Hiemstra-Francis and the Escalante methods.
Proposed validation procedure
From the former description, it can be seen that the previous four methods are different in some aspects, such as the way to define the beginning and ending of the historical hydrographs, how the shape of the design hydrographs must be, how the failure probability associated to a couple of values Q p and V must be estimated, among others.
In this document it was considered useless to argue the corresponding advantages or disadvantages as an abstraction. Instead we suggest (this being the main goal of this paper) to set comparison parameters that reflect the behaviour of the spills. Such behaviour can be measured by simulating the flood routing and calculating the maximum outflow from the spill (Q md ), on which the damages downstream depend, and the maximum water elevation in the dam reservoir (Z m ), on which dam security rests.
To calculate these comparison parameters, the flood routing of the maximum recorded floods is made for each year of the historical record and the maximum outflow (Q md ) and water elevation in the reservoir (Z m ) are obtained.
The procedure is repeated with all the recorded years and a sample of Q md and Z m values is obtained. Their return period can then be estimated by means of the Weibull formula:
where T is the return period in years, n is the size of the sample and m is the data order when they are set in descending order. Finally, the obtained values for several return periods are compared with those calculated by routing the design flood resulting from each method.
APPLICATION AND RESULTS
Application
The historical record of 47 years of mean daily flow rates fro the catchment basin of Malpaso Dam, Chiapas, Mexico was used; the dam is part of the cascaded system of hydroelectric projects along the Grijalva River, Mexico (Fig. 2) . The total catchment area is 34 800 km 2 .
For each year, an identification of the maximum flow rates was made and values of the runoff measured several days before and after such flow rates were selected, as shown in Table 2 by shaded numbers, for the purpose of illustration. When two or more important floods were produced in the same year, their routing through the reservoir was simulated and the flood was selected that produced the largest maximum discharge flow rate.
For flood routing purposes, the elevationcapacity-discharge relationships in Table 3 were considered. Because the spillway of the Malpaso Dam is controlled by gates, the elevation-discharge relationship is not continuous, and the discharge is almost constant for elevations between 182.6 and 184.5 m a.s.l. and constant for elevations between 187.5 and 190.0 m a.s.l.
The summary of maximum discharge flow rates and of their corresponding water level elevations is shown in Table 4 .
Results
Maximum discharge flow rates and maximum elevations obtained after routing the historical floods were ordered in decreasing sequence and their return periods were assigned using the Weibull formula (equation (33) with n = 47. In addition, the flood routing was simulated for the design hydrographs obtained by the IINGEN, Ramírez-Aldama and Escalante methods, for return periods of 2, 5, 10, 20, 50 and 100 years and for the Hiemstra-Francis method for 50 and 100 years.
To define the starting and ending dates of the historical hydrographs, the proposal of the Hiemstra-Francis method was taken as a basis (i.e. the days when the flow rate was equal to or smaller than 10% of the maximum flow rate). It was therefore possible to obtain the total volume corresponding to the methods Year 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 1960 Month 1 The shaded numbers correspond to identified floods. of Ramírez-Aldama, Escalante and Hiemstra-Francis and the volume values prior and after the peak for Escalante's method. The results are shown in Table 5 . For the IINGEN method, durations from 1 to 25 days were considered. The parameters of the bivariate functions were fitted with the method of maximum likelihood using genetic algorithms. In all cases, the marginal functions were of the double Gumbel type, although for the Hiemstra-Francis method, the use of log-normal type functions was retained, in order to explore the influence of the chosen distribution function in the final results.
When dealing with the Ramírez-Aldama method, for each return period pairs of values of peak flow and volume satisfying equation (17) were identified using the bisection algorithm (Chapra and Canale 2000) . The floods corresponding to each pair were routed through the reservoir and the most unfavourable was selected.
For the Hiemstra-Francis method for each return period and with the calculated value of crosscorrelation between the logarithms of Q p and V , the standardized values of Q p and V were interpolated from Table 2 using the 75% conditional probability of exceedence volume; afterwards the design Q p and V were obtained with equations (27) and (28).
In the Escalante method, the genetic algorithms were also used to minimize the sum of the squares of the errors in equations (28) to (32). (Fig. 3(a) ) and the risk at the dam (Fig. 3(b) ). To facilitate the plotting of the figures, the horizontal axis corresponds to variable z = -ln(ln(T/(T -1))). Because the elevation-outflow relationship is nonlinear, as can be seen on Table 3 , there are several points for which an increase in elevation does not correspond to an increase of the outflow. Figure 3 shows that the Escalante method leads to a large overestimation of the maximum values of outflow and elevation. We considered that this happens because, as is shown in Fig. 4 , when using the equation T = 1/ (1 -F(x,y) ) to calculate the return period, a much larger region of failure is assumed compared with that corresponding to equation (17) used in the Ramírez-Aldama or Hiemstra-Francis methods, and also if compared with the failure region schematically defined in Fig. 1 . Therefore, the calculations corresponding to the Escalante method were repeated but using equation (17) to determine the return periods. The results depicted in Fig. 5 (taking into account that there is a one-to-one relationship between discharge flow rates and elevations, only maximum elevations are included in Fig. 5) show a better agreement with those corresponding to the historical record, although overestimated values are still obtained.
Analysis and discussion of results
The Ramirez-Aldama method also overestimates maximum elevations for return periods between 10 and 20 years, and the Hiemstra-Francis method underestimates values corresponding to 50 and 100 years.
To further analyse the results, some other calculations were performed. To analyse the performance of the adjusted bivariate distribution functions, data from Table 5 were arranged in Q p descending order and, for each pair of values, the number of events in which both, Q p and V are lower than the studied value was counted and the empirical return periods were assigned using the Weibull formula. At the same time, and also for each pair of values, non-exceedence probabilities and return periods were calculated using the fitted bivariate distribution functions obtained with the Ramirez-Aldama, the Escalante and the Hiemstra-Francis methods. The results, shown graphically in Fig. 6 in terms of the Gumbel-reduced variable z, indicate a generally good agreement between empirical and theoretical values for the three methods, although the Hiemstra-Francis method assigns a return period greater than the empirical to the two largest historical floods.
In addition, design hydrographs obtained with the four methods for a return period of 50 years and the largest historical hydrograph are shown in Fig. 7 . Large differences in the shape of the hydrographs can be seen, particularly in the case of the Ramirez-Aldama method.
Despite the large differences in the shape of the 50-year hydrographs, the results obtained after the hydrographs were routed through the basin are similar, as shown in Fig. 8 for the historical hydrograph and two apparently extreme cases: the hydrograph obtained with the IINGEN method and that obtained with the Ramirez-Aldama method.
For the purpose of expanding the range of comparison to larger return periods, 250 synthetic maximum annual floods were generated using the fragments method of Svanidze (Svanidze 1980) ; the obtained floods are similar to the historical ones in their basic statistics, but they are not identical (as shown in Fig. 9 ) so that they can be considered as a new sample of maximum annual floods. Therefore, it was considered that the synthetic floods were real maximum annual floods and new design floods were obtained by the four methods.
The 250 synthetic floods were routed to obtain their peak discharge flow rates and the corresponding maximum elevations. These maximum elevations were compared with those determined after the design floods that were obtained with the different methods were routed through the reservoir, as shown in Fig. 10 . In this case, equation (17) was used for the return period in the Escalante method. Figure 10 shows a good agreement in general, but, for return periods between 50 and 500 years, Ramirez-Aldama and Hiemstra-Francis methods lead to an under-estimation of the maximum elevations.
In order to understand the reasons for that underestimation, a comparison between theoretical and empirical values for the three methods based in bivariate functions was built again. Results shown in Fig. 11 indicate in general a good adjustment with the empirical values but the Hiemstra-Francis method estimates larger return periods for two of the three major events, probably because in that case the lognormal bivariate distribution function has been used. Additionally, the maximum generated floods (empirical return period = 251 years) were compared with the theoretical floods for a return period of 200 years obtained with the different methods. The results (Fig. 12) show that the maximum generated flood is multimodal and its duration is very large (44 days = 1056 hours). The IINGEN method design flood is also multimodal but its duration is 25 days; the three bivariate based methods produced unimodal floods, the Ramírez-Aldama and Hiemstra-Francis methods with a relatively short duration and the Escalante method with a large duration, similar to the generated one.
As shown in Fig. 13 , peak discharge flow rates and the corresponding elevations obtained through the simulation of the routing of the 200-year theoretical floods obtained with the IINGEN and the Escalante methods were similar to those obtained after the maximum generated flood was routed through the basin, whereas those obtained with the Ramírez-Aldama and Hiemstra-Francis methods were clearly lower, probably due to the fact that their durations are shorter than the duration of the historical event.
CONCLUSIONS
As we have attempted to emphasize in this paper, methods used to estimate design floods for spillways of dams with large regulating capacity constitute only one step in the process of finding out the values that determine the performance of the discharge works of a dam, i.e. the maximum discharge flow rates and their corresponding water surface elevations for different return periods.
Therefore a methodology was proposed to test the performance of different methods that are used to calculate design floods for dams with a large regulating capacity.
The proposed methodology was used to test the performance of four methods described in the literature to estimate design floods for dams with large regulating capacity. The IINGEN method uses univariate probability distribution functions adjusted to the maximum inflow rates for durations from one day up to a large enough number of days, to build the complete design hydrographs. The other three methods use bivariate probability distribution functions relating peak flood and volume of the inflow hydrographs, but they differ, for example in the way they calculate the failure region in order to assign return periods, and in the way they build the shape of the hydrographs.
According to the proposed methodology, a calculation was made of the maximum discharge flow rates and elevations obtained when the maximum incoming annual historical floods recorded at Malpaso Dam were routed through the basin. These results were compared to those obtained after routing the design floods derived from the application of the IINGEN method, and to the three methods based on the estimation of bivariate distribution functions: the Hiemstra-Francis, Escalante and Ramírez-Aldama methods. The results summarized in Fig. 3 show that, at least in this case, the design floods are not overestimated by the IINGEN method.
In relation to the methods based on bivariate functions, it can be observed that the Escalante method leads to a large overestimation of the maximum flow rates and elevations obtained after the design floods were routed through the basin, mainly because the method underestimates the failure regions. The Ramirez-Aldama method also overestimates maximum outflows and maximum levels for return periods of between 10 and 20 years, although to a lesser degree. The Hiemstra-Francis method underestimates values corresponding to 50-and 100-year return periods.
Mention should be made of the fact that the routing simulation of the historical floods was used as a tool to validate the results obtained with different methods applied to the range of return periods corresponding to the number of years of the sample (in this case as much as 47 years), although the results of that routing should not be extrapolated to longer return periods because they depend on the elevationvolume-discharge flow rate curves used in each case.
For this reason, in order to have a wider range of return periods available for comparison purposes, 250 synthetic floods were generated based on the historical floods and they were routed to obtain the 250 corresponding maximum discharge flow rates and maximum elevations. The results, presented in Fig. 10 , demonstrate that, also in this case, the IINGEN method produces adequate results; however, the results derived from the Ramírez-Aldama and Hiemstra-Francis methods underestimate the maximum discharge flow rates and the maximum elevations for return periods of 100, 200 and 500 years, whereas those determined with the Escalante method suitably agree with those of the synthetic registry when equation (17) is used to estimate the return periods instead of that given by Escalante.
In summary, we consider that, at least in this particular case, the IINGEN method provides the best results. In addition, the method can reproduce multimodal hydrographs and, if the analysis takes into account a sufficient number of days, it is not required to define the starting and ending dates of the historical floods, a definition that often implies subjective decisions. In contrast, the methods based on bivariate distributions always produced unimodal hydrographs and imply a subjective definition of the volume of the historical floods.
We also consider that the proposed methodology has to be used in all cases, at least using the historical record, in order to validate (or discard) the procedure chosen to generate design hydrographs.
